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Abstract
Continuum robots, which have continuous mechanical structures comparable to the flexibil-
ity in elephant trunks and octopus arms, have been primarily geared toward the medical and defense
communities. In space, however, NASA projects these robots to have a place in irregular inspection
routines. The inherent compliance and bending of these continuum arms are especially suitable for
inspection in obstructed spaces to ensure proper equipment functionality. In this paper, we propose
a new solution that improves on the functionality of previous continuum robots, via a novel mechan-
ical scaly layer-jamming design. Layer-jamming assisted continuum arms have previously required
pneumatic sources for actuation, which limit their portability and usage in aerospace applications.
This paper combines the compliance of continuum arms and stiffness modulation of the layer jam-
ming mechanism to design new hybrid layer jamming continuum arms. The novel designs use an
electromechanical actuation which eliminates the previous need for pneumatic actuation therefore
making the hardware compact and portable.
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Chapter 1
Introduction
Inspection and navigation in constrained spaces is a continuing research problem for robotic
manipulators where mechanical dimensions, stiffness controllability (active compliant control), and
overall active DoF (Degrees of Freedom) play major roles [2]. Continuum robots, which mimic the
biology of octopi and elephant trunks, feature continuous backbone mechanical structures. Due
to their flexible and smooth linear and torsional deformation, continuum arms inherently possess
theoretically infinite DoF with respect to bending. This ability would otherwise require large number
of DoF to approximate with discrete rigid-linked arms [3–6]. Continuum arms on the other hand
accomplish active bending only with a finite number of actively controlled DoF. Hence, along with
their flexibility along the length of the arm, straightforward up and down scalability, continuum
manipulators provide a natural solution that is particularly suitable for navigation and inspection
in congested spaces. Many continuum arm prototypes have successfully proved their usefulness in
various field applications including inspection tasks [7, 8]. The Octarm manipulator shown in Fig.
1.1 is a classic example of a multipurpose multisection continuum arm [9]. It has nine active DoF
and has proven successful in diverse applications including reaching, manipulation, and grasping
[8]. A wave of other continuum arms were inspired by its novel and straightforward design [10–14].
However, the mechanical size of Octarm and other similar robots makes them not very useful in the
space-limited inspection applications.
NASA envisions the deployment of continuum robots in hard-to-reach environments; in
crevasses in planetary bodies, and for Space Station inspection behind densely packed equipment.
However, current continuum robots are too short and far too thick for these applications. There is
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Figure 1.1: Octarm continuum robot
therefore a need for continuum ”tendril” robot designs which can be long and thin. Thin continuum
robots have been developed for medical applications such as Minimally Invasive Surgery (MIS)
[16–22], endoscopy [23–27], and active catheters [28, 29]. However, the length of these devices is
insufficient for space applications.
There are three general continuum robot design types which are as follows: tendon-based,
concentric tubes, and the locally actuated backbone [3–5, 15]. There are four major features that
a tendril will be evaluated based on for space-based applications; being able to move accurately to
different workspace points, an actuation package that is small and portable, the ability to stiffen and
hold its current shape, and local extension and contraction. Ultimately, the feasibility of achieving
all of these goals depends highly on the availability and suitable synthesis of portable construction
materials.
Designed in response to this need, NASA’s groundbreaking ”Tendril” robot [2] included all
the aforementioned desirable features except for controllable stiffening. Unfortunately, the perfor-
mance of the robot was compromised due to limitations in its mechanical design. A more recent
revision of the Tendril concept featuring a tendon-driven spring-loaded concentric tube backbone,
demonstrated performance improvement [30]. However, controllable backbone stiffening remained
absent.
A new method of stiffening continuum robot sections was developed specifically for mini-
mally invasive surgery by MIT Labs [31, 32]. The mechanical concept behind the novel stiffening idea
was the utilization of friction created between two flexible materials in the geometry of overlapping
flaps. The flaps were brought into surface contact by pneumatically driven pressure changes.
The idea of using pneumatics to stiffen objects is not new, however, the adaption of that idea
in the context of continuum robots is novel. The pneumatic-based layer-jamming concept adapted
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to Tendril-type robots would not be a feasible solution to NASA’s tendril stiffening problem because
of the pneumatic system. Therefore, there is a need for an improved version of the ”Tendril” design
that will allow stiffening through some other means as well as still include all of the other attributes
for an ideal tendril robot.
Our new tendril designs incorporate the layer-jamming concept but with an improvement
to the actuation package. Instead of using a large pneumatic system, we have incorporated a much
smaller motor package. The new design uses a spring as the backbone for the tendril and upon that
structure are mounted laser cut mylar ”scales” sewn together tightly around the spring. There are
two sections of both tendril and ”scales”, a proximal and distal section which are separated by a
3D printed spacer used to route tendons (to control bending) throughout the robot. In order to
tighten the layers of scales together, two mechanical solutions were implemented: first as reported
in Chapter 2 using smaller diameter steel springs as tensioning cables that are spun-tightened and
released by the motor package. In this design there are two clear plastic sheets that run the length of
each ”scale” section that are adhered to the steel springs that when tightened, compress the ”scales”
against the backbone of the tendril which provides the stiffening capability. In a revised design
(reported in Chapter 3) the torque transmission approach to stiffening is replaced by contraction
of a mesh overlay of the scales. Details of the designs and supporting experiments are presented in
Chapters 3 and 4. Conclusions are given in Chapter 5.
3
Chapter 2
Mechanical Layer-Jamming:
Torque Transmission
2.1 The Layer-Jamming Concept
The layer-jamming concept [31, 32] is a relatively new actuation method for controllable
stiffness (See Fig. 2.1). The actuation is based on controlling the friction between specially designed
and constructed compressed layers. The resultant structure’s stiffness is directly proportional to the
amount of friction between the layers and depends on the friction of the particular material the layers
are made of and the forces acting normal to layers. To facilitate the linear and bending deformation
during operation the bounding layered structure has to be of suitable shape. This was achieved in
[31, 32] by creating a double-sided flap pattern that was sewn together with a monofilament wire
and compressed together with a latex membrane connected to a pneumatic vacuum source. Pure
extension and bending motions of the sections were achieved by the usage of three linear actuators
Figure 2.1: Layer-jamming concept [31]
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Figure 2.2: Layer-jamming tubular mechanism assembly [31]
connected to three NiTi wires running throughout the structure parallel to the center line of the
continuum section at 120 degree spacings (See Fig.2.2).
When bending, the continuum section in [31, 32] was made to assume the low stiffness state
(by relaxing the latex membrane around the layer structure in the atmospheric pressure). Then the
tube could be actuated to bend in various orientations. Once the desired spatial shape were reached,
the section could be stiffened by inducing a vacuum in the latex membrane which squeezed the flap
structure together because of the pressure difference. The stiffness controllable shape deformation
of the section in [31, 32] offers lot of promise particularly in object manipulation and minimally
invasive surgical applications. However, the use of a vacuum source poses problems pertaining to
the portability of the system and precludes its deployment in space. Also, the thin membranes the
arm has to rely on to maintain the vacuum can be easily damaged during operation due to the
contact with rough edges in the workspace of the layer flap tips (Fig.2.2). Further, the prototype in
[31, 32] relied on the linear stiffness of the layer mechanism of the continuum section to return to
the original state once the tensile forces of the tendons and vacuum sources are removed. However,
the high amount of hysteresis arising from the inter-layer friction forces is much larger than the
layer-stiffness and therefore makes the motion rather slow. This significantly hinders the section’s
true potential. Therefore, a more compact design which can be applied to a variety of other potential
applications is motivated.
2.2 New Layer-Jamming Tendril Design Objectives/ Design
The goal of our new layer-jamming tendril (LJT) was to improve upon the existing technol-
ogy of the Tendril designs [2, 30] by introducing layer-jamming as well as simplifying the actuator
package for the robot. Modifying the pneumatic-based layer-jamming concept of constriction from
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internal and external forces to a mechanical design without need for a vacuum is feasible by using
a spring backbone. By using a linearly and torsionally deformable but radially stiff object (the
spring) to be included within the layer jamming structure spring, the external mechanical constric-
tion applied at the surface could be opposed by the internal backbone. We initially selected a spring
of appropriate stiffness (Fig.2.3), which provided a good hard skeleton core onto which the scaly
jamming layers could be tightened. Its high linear stiffness was selected to enable fast recovery from
deformed to undeformed states (Table 2.1).
Figure 2.3: Steel spring used as backbone
To design the flaps, termed scales herein, to achieve stiffness controllability we began with
the original design in [31] (Fig. 2.5). For a basic proof of concept we started with paper and scissors
and experimented with a basic flap pattern and taped multiple strips of the pattern together (Fig.
2.4). Next we wrapped the strips around a spring and tested the extent to which the spring was
Figure 2.4: Flap pattern cut out of paper and lined with electrical tape in order to sew through
without tearing
stiffened when the strips were twisted tighter against the spring backbone. We quickly realized after
the material started to tear, that paper-like materials would not be able to withstand the frictional
forces due to constricting around a spring as well as have the flexibility to bend repeatedly. The
result was that the paper tore and the flaps were bent and damaged beyond repair.
The next attempt used mylar, a material which was still also readily available but provided
better flexibility and durability than a piece of paper. Instead of using scissors, a 2D CAD sketch
6
Figure 2.5: Laser-cut scales into mylar
(Fig. 2.6) of the flap design was used in a laser cutter which cut the mylar sheets. However, when the
flaps constructed out of mylar were tested, the final design exhibited cracking and breaking again.
Figure 2.6: First prototype scale design in CAD
Figure 2.7: First scale prototype
A more successful material proved to be view foil or projector transparencies which was
tested and worked succesfully (Fig. 2.7). The layers could be tightened and the friction between the
layers would stiffen the object enough that the stiffness could be qualitatively felt by bending the
object with your hands (Figs. 2.8 and 2.9).
Once the core material of the scales was selected, a prototype section was constructed. Since
the unwrapped length of each ”scale” sheet was limited to the laser cutter’s cutting dimensions,
multiple flaps needed to be created and then sewn together with a needle and fishing line in order
for these ”scales” to cover the whole length of the steel spring backbone.
We experimented with different concepts of mechanically tightening the ”scales” together
and we converged on the concept of using a sheath that would encase the scales. The idea for
7
Figure 2.8: Demonstration of maximum flexion and shape restoration of scale design
Figure 2.9: Demonstration of contraction and extension of scales
tightening the sheath, the focus of this chapter, was to rotate a tensioning wire that was attached
to the sheath so that the sheath tightened and squeezed the layers against the steel spring backbone
and stiffened the structure. In order to guide the tendons and the tensioning wires, 3D spacers had
to be created that could be screwed into the extension spring tightly. Designing effective spacers
took a few iterations of alternative 3D spacer designs and three different plastics (ABS, PLA, and
PC). After experimenting with different plastics, the final 3D spacer in Fig. 2.10 and 2.11 was
designed out of softer ABS polymer.
Figure 2.10: Face-view of first prototype 3D printed spacer
The biggest problems we encountered with this technique were finding materials for the
tensioning wire and the external sheath that would not inhibit the tendril from bending freely
as well as adhering the tensioning wire to the sheath without adding too much thickness to the
structure. We used super glue to adhere the sheaths to flexible plastic rods. Selection of sheath
material proved an issue. First, we used balloons which were too elastic and required too much
8
Figure 2.11: Side-view of first prototype 3D printed spacer
torsion of the tensioning wire to produce substantial stiffening. Next, we experimented with panty
hose material, but the elasticity in the material was destroyed after multiple uses.
The next attempt was to use plastic from a grocery store bag which seemed to work well for
the small scale design but was slightly loose. The next problem was to find a suitable tensioning rod.
Nitinol wire was tested, but since its surface was not irregular, the super glue was unable to adhere
it to the sheath. We attempted to file and roughen up the surface of the nitinol wire, but that did
not work well either because the force required to create irregularities caused the nitinol to deform
significantly. The end solution was to use copper wire which was easier to create irregularities on
the surface of because it is a softer metal. Aan extremely effective adhesive called 3M Super 77 was
used to attach the copper wire to the plastic sheet.
2.3 Working Prototypes
The final components of the small scale tendril section were view foils (transparencies) that
the ”scales” were made out of, a steel spring backbone, 3D printed spacers made using the ABS
plastic, monofilament, a plastic sheet, and a copper tensioning wire. The end section is shown in
Figs. 2.12 and 2.13. Experimental results with the initial prototype are reported in Section 4.
Detailed measurements are given in (Table 2.1).
We next designed and constructed a refined two-section prototype based on the same torque
tranmission tightening concept. Starting with the selection of a larger steel compression spring
backbone, new larger scales were designed (it took multiple iterations of adjusting for the holes to
line up when sewing the layers together). See (Figs. 2.18, 2.19, and 2.20). Figures 2.18, 2.19, and
2.20 detail the design of the layer structure and the relationships between the radius of the steel
spring backbone to all of the measurements of the schematic. In particular, Figure 2.18 illustrates
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Table 2.1: Specifications of Single Section Layer-Jamming Tendril
Specification Value
3D Spacer Diameter 27mm
Steel Spring Backbone Radius, R 4mm
Scale Design Arc Length 283.64mm
Flap Length 17.63mm
Flap Width 4mm
Flap Spacing 3.85mm
Scale Body Length, P 4.529mm
Circumference of Large Elliptical Hole Size 4.84mm
No. of Elliptical Holes 93
Small Circular Hole Circumference 3.14mm
No. of Circular Holes 94
Diameter of Tensionins Copper Wire 2mm
Monofilament Wire Thickness 0.5mm
Monofilament Wire Strength 60lbs
Figure 2.12: End section view of the final single section prototype
the relationship between the radius of the steel spring and the alignment and placing of the elliptical
and circular holes in the flaps so that the upper and lower holes line up perfectly while wrapped
upon the radius of the spring and can be sewn together. Figure 2.19 depicts the relationship between
the flap spacing and flap size according to the radius of the spring to ensure that the flaps will have
enough material to overlap against each other. Figure 2.20 emphasises how the holes must be aligned
vertically with respect to one another as well as illustrating how to determine how the layers as a
whole must be curved in order that the wrapping is tight and matched to the steel spring.
Next, 3D printed spacers were designed and tested. The final spacer was selected to be
made of PLA. It differed from the original spacer for the single section tendril by having a sealed
off cavity for the spring backbone to screw inside which provided more stability (see Figs. 2.14 and
2.15). For the tensioning wire, a steel compression spring was selected. This provided significantly
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Figure 2.13: Side view of the final single section prototype
Figure 2.14: Angled view of the final two section prototype’s midsection
more flexibility compared to the copper wire for the smaller scale design (Fig. 2.21). In addition,
the 3M Super 77 adhesive spray was used to attach the tensioning wire to a small gauge vinyl sheet
(see Figs. 2.16 and 2.17). The process of attaching the sheath involved cutting a rectangle out of
the plastic material and then spraying the cable with the adhesive and then attaching the sheath
upon it and then sealing the sheath upon itself. More detailed measurements are presented in Table
2.2. An image of the assembled two section prototype is given in Fig. 2.22.
2.4 Actuation System
Our actuation package used a combination of two high torque 24V DC motors and six 7.4V
high torque servo motors. The DC motors were tasked with the job of torsioning the steel tensioning
compression springs in order to constrict the sheath against the steel compression spring backbone
(Fig. 2.21). In order to do this, an external variable power supply was used to drive the two 24V
DC motors (Fig. 2.24). To control these DC motors, two motor drivers rated for 35V and 15A each
were connected to the DC motors, the variable power supply, and then to the Arduino board used
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Figure 2.15: Angled view of the final two section prototype’s midsection
Figure 2.16: Middle-section near 3D spacer view of the final section prototype
for I/O and interfacing. During testing under heavy loads at rated voltage, the maximum current
draw of these DC motors was only 2A. Experimentally, the DC motors pulled less than an amp of
current when constricting the sheath. Bending of the sections was achieved by the servo motors
pulling tendons (3 per section).
For the tendon actuation, a modification of the servo motors was necessary in order to make
multiple full revolutions. This was achieved by opening and emptying each servo of their gears and
locating the single gear that had a cylindrical metal block embedded in it that prevented continual
rotation. This mechanical block was removed with pliers and then the gears were replaced in the
same way. To have the potential for the servo to rotate both clockwise and counterclockwise at
the same max speed, the backside of the servo was opened up so the potentiometer was accessible.
Power, ground, and a PWM port on the Arduino were connected to the servo and the PWM was
set to to physically rotate to 90 degrees of the full 180 degrees of motion so that the potentiometer
could then be manually adjusted so that the motor’s rotation stopped. This process was repeated
for each of the black servo boxes so that they were all modified and slotted into an acrylic rack
(Fig. 2.25). The entire actuation system was then placed into a laser cut acrylic box (Fig. 2.26).
The command interface was a PC to the Arduino which controlled the motors’ rotation directions
and speeds. The future implementation of a feedback system is planned for the next revision of this
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Figure 2.17: Middle-section view of the final two section prototype
Figure 2.18: Relationship between upper and lower hole spacing
actuator system. In order to power all six of the modified servo motors, a PC power supply was
modified so that it would supply 5V at a max output current of 16A to all of the servos. When
running at a fully tensioned state, or max load, the max power consumption is less than 60W for
all motors combined.
Results using the prototype are reported in Chapter 4. While overall promising, one key
issue encountered was the torque transmission cable mechanically restricting bending of the sections.
To eliminate this issue, we therefore designed and constructed an alternative solution, eliminating
the torque transmission. This solution is detailed in the following chapter.
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Figure 2.19: Specifications schematic for small prototype part 2
Figure 2.20: Specifications schematic for small prototype part 3
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Figure 2.21: Side view of the tensioning wire to DC motor connection in two section prototype
Figure 2.22: The schematic of a layer-jamming actuated continuum section with the actuating spacer
space length variables
Figure 2.23: Interfacing Arduino and power electronics for two section prototype’s modified servos
and DC motors
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Table 2.2: Specifications of Two-Section Layer-Jamming Tendril
Specification Value
3D Spacer Diameter 63mm
Steel Spring Backbone Radius, R 9.5mm
λ Scale Design Arc Length 415.76mm
Flap Length 50.16mm
Flap Width 6.42mm
Flap Spacing 6.08mm
Scale Body Length, P 19mm
Circumference of Large Elliptical Hole Size 19.38mm
No. of Elliptical Holes 60
Small Circular Hole Circumference 6.28mm
No. of Circular Holes 60
Diameter of Tensioning Spring 5mm
Diameter of Tensioning Spring Connector 7mm
Diameter of Locking Collars 11mm
Monofilament Wire Thickness 1mm
Monofilament Wire Strength 80lbs
Figure 2.24: Top down view of motor placement
Figure 2.25: Rear view of servo rack for tendon control
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Figure 2.26: Acrylic box for first motor package
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Chapter 3
Mechanical Layer-Jamming: Mesh
3.1 Mesh Design
In response to problems with the torque transmission approach limiting bending, a new
and unique mechanical solution for stiffening was implemented. The key innovation was in using
a mechanically-woven mesh sheath normally used in our lab for artificial muscle exteriors. These
mesh sheaths reduce significantly in radius when they are extended longitudinally. Use of the mesh
as a sheath provided the means to compress the flaps underneath by compression due to extension
of the sheath itself.
The implementation was done by estimating the maximum length of material to be used for
each section, i.e. maximum section length, and then folding each of the ends of a tubular mesh of
that maximum length inside themselves and then using an epoxy to preserve the structure ends by
coating the folded ends inside (Fig. 3.1). When the aforementioned procedure was not performed
properly the individual fibers of the mesh would unweave leading to the destruction of the sheath.
Given the uniform openings on the sheath, installation of the mesh for each tendril section
required a temporary extra layer between the flaps and the sheath to prevent the flaps from pro-
truding through the holes in the mesh (Fig. 3.2). Once the mesh was slid onto the section so that
the underside was sufficiently loose to give room for the mesh to expand, the mesh openings were
then attached with epoxy to their respective spacer furthest to the end (Fig. 3.3) with the other end
left free to be pulled by a braided steel cable. A metal crimp was then used to secure the braided
steel cables to one end of the sheath through the holes in the 3d spacers to their respective motors
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Figure 3.1: Mouth opening of the mesh which was made stiff with epoxy
which were then secured to the motor shaft with collars onto the motor shaft.
Figure 3.2: A single scale from the internal flaps protruding through the mesh
The result of using the mesh concept versus the original plastic sheath was a more distributed
stiffness design which allowed an increase in overall section stiffness. The cons of switching to this
method of mechanical stiffening were coupling issues between the proximal and distal section due
to the uneven tension being applied to the mesh with a single cable. A possible fix could have been
applying another cable so that the tension was more even (i.e. the mesh was extended more evenly)
but the middle spacer would have to be redesigned to allow the second cable to pass through. An
additional problem arose from the original sharpness of the flap endings. These would puncture the
sheath after the mesh was reset to loose fit after it had been extended. This issue was largely fixed
by redesigning the flaps’ points into round ends whose diameter was larger than the holes in the
mesh. From experimenting with the tendril after the redesign, the flaps would still sometimes pierce
the sheath but only because the holes in the sheath sometimes would widen larger than was initially
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Figure 3.3: Mesh attached to 3d-printed spacer with epoxy
measured. Another issue that was inherent to the new design was the decrease in proximal section
bending because the tendons bending that section would also contract the section which pushed the
flaps into contact with the mesh causing unintended stiffening. There was also an issue fixed by a
modification made to the 3d-spacer which elongated the threading of the 3d-spacer so that when
screwed into the steel spring, it was long enough for the scales to have a stiff steel spring segment
in order to compress down upon. This was necessary because without a stiff segment for the scales
to compress down on, there was significant uncontrolled free bending at that point (Fig. 3.4).
Figure 3.4: Flaps overlap spacer extension screwed into the steel spring in order to prevent unwanted
bending
3.2 Updated Actuation System
The actuation package did not change significantly for the new design, except for a re-
orientation of the motors inside the slightly modified acrylic housing (Fig. 3.5) which was done in
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order to pull the tendons in the direction parallel with the tendril. The electronics also featured a
Figure 3.5: New acrylic box layout
new board that was capable of running 16 servos in total but was only used to run the original six.
(Fig. 3.6) The reason that this new board was implemented in the electronics array was because
it was thought that motor drift encountered in our experiments was a result of signal leakage from
the arduino so having a board that would control the servos without taking the pwm signals from
the arduino would solve the problem. It was not until upgrades to the robot were considered that
it was discovered the servos the robot used were commonly found to not be able to zero accurately.
The stall torques of the servos are roughly 20lbs and a suggested upgrade would be to consider the
40lb stall torque servos from alternative vendors like Hi-Tec.
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Figure 3.6: Updated electronics
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Chapter 4
Mechanical Layer-Jamming:
Experiments
4.1 Experiments with Torque Transmission Prototypes
In this section, we report on experiments with the prototypes described in Chapter 2.
When the construction of the first single section prototype was complete, a simple experiment was
conducted in which the single section prototype was fixed between two wooden posts. Without
any mass attached, shape reformation could be visually observed through the means of the internal
spring backbone (Fig. 4.1). When a single mass was added to the end of the prototype with
a monofilament loop, the section drooped as expected (Fig. 4.2). The next test was to wind the
sheath tightly in order to measure a position change from the initial non-tensioned state by squeezing
the scales against the spring (Fig. 4.3). This process was repeated twice for two different masses and
the result was similar (Figs. 4.4 and Fig. 4.5). There was a noticeable 2-3 inch difference between
the starting and ending height of the non-tensioned and tensioned states respectively depending on
the mass added. In the case of the larger two section prototype, the height difference between the
starting and ending positions of a proportionally heavier mass measured to be between 8-9 inches
(Figs. 4.6 and Fig. 4.7).
The results demonstrate the feasibility of the underlying premise of the Thesis, that layer-
jamming of continuum robot sections can be achieved mechanically (as opposed to using a vacuum,
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as in [31, 32]). We were able to control the change in stiffness. However, the mechanical constraints
imposed by the torque transmission mechanisms (copper wires and then steel springs) significantly
restricted the bending, and hence workspace, of the prototypes. Hence, we designed and constructed
the sheath-based approach detailed in Chapter 3. In the next section, we report on experiments
with that prototype.
Figure 4.1: Non-tensioned prototype without mass added
Figure 4.2: Non-tensioned prototype with mass added
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Figure 4.3: Tensioned prototype with mass added
Figure 4.4: Non-tensioned prototype with increased hanging mass
Figure 4.5: Tensioned prototype with increased hanging mass
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Figure 4.6: Tensioned two section prototype with hanging mass
Figure 4.7: Non-tensioned two section prototype with hanging mass
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Figure 4.8: Single Distal Section Bending
Figure 4.9: Single Distal Section Bending
4.2 Experiments with Mesh Prototype
In this section we used two cameras angled at 90 degrees with respect to each other at the
same height and same distance away from the origin of the tendril, or the point at which the tendril
drops down vertically from the acrylic motor package box. MATLAB was used to motion-track the
tendril at the two colored points (yellow and red) in order for theoretical model verification. The
resulting data is taken for further analysis.
There are green segments drawn in each of the Figures 4.8 and 4.9 which show the points
on the tendril that were tracked using MATLAB.
The way the experimental images are laid out is according to each bending experiment
conducted. Each experiment has three images associated with it in order with the first of the images
(Figures 4.10, 4.13, 4.16, 4.19, 4.22, 4.25, and 4.28) demonstrating the maximum bending achieved
with the given limitations of the torque supplied by the servos which was about 22kg/cm. The
second image shows the 2D plotting of the tracked horizontal and vertical distances with respect to
the origin of the tendril which was made to be the point at which the tendril drops down (see Figures
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Figure 4.10: Single Tendon Distal Bend
4.11, 4.14, 4.17, 4.20, 4.23, 4.26, and 4.29). The third image in the succession of three images is a
time-based plotting of the vertical and horizontal movement of the tendril during each experiment
so a sense of the movement can be mentally reconstructed (see Figures 4.12, 4.15, 4.18, 4.21, 4.24,
4.27, 4.30). The biggest challenge was to try to get significant bending using these servos which
were found in the lab. As the experiments demonstrate, the 22kg/cm max torque of the servos was
enough to verify success. Given more time to modify the motor package, servos that have double the
stall torque could be purchased for a reasonable price of $60 a piece and replace the current servos for
increased performance. An additional modification that could be made for smoother performance
is the increase in radius of the pulleys that reeled in the tendons to each servo. This modification
would alleviate the problem the small pulleys had with accommodating the extremely thick 200lb
monofilament that had to replace the previous 80lb monofilament which had snapped under the
stress earlier.
28
Figure 4.11: Single Distal Section Bending
Figure 4.12: Single Distal Section Bending
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Figure 4.13: Single Tendon Proximal Bend
Figure 4.14: Single Proximal Section Bending
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Figure 4.15: Single Proximal Section Bending
Figure 4.16: Double Distal Tendon Bend
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Figure 4.17: Double Distal Tendon Bending
Figure 4.18: Double Distal Tendon Bending
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Figure 4.19: Single Distal Bending with Proximal Stiffness
Figure 4.20: Single Distal Bending with Proximal Stiffness
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Figure 4.21: Single Distal Bending with Proximal Stiffness
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Figure 4.22: Single Distal Single Proximal
Figure 4.23: Single Distal and Proximal Bending
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Figure 4.24: Single Distal and Proximal Bending
Figure 4.25: Double Distal Proximal Stiff
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Figure 4.26: Double Distal and Proximal Stiffness
Figure 4.27: Double Distal and Proximal Stiffness
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Figure 4.28: Double Proximal
Figure 4.29: Double Proximal Tendon Bending
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Figure 4.30: Double Proximal Tendon Bending
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Chapter 5
Conclusions and Suggestions for
Future Research
In this Thesis we have introduced a new approach for controllable stiffness continuum robot
backbones. The resulting designs are more compact and suitable for potential Space application due
to their mechanical (as opposed to pneumatic) approach to actuation of the stiffening. The scaly
design provides both controllable stiffness and allows significant extension/bending.
Throughout the development of the project, four iterations of continuum robot tendrils were
constructed. We began with a scaled down proof of concept model which utilized our initial idea
of using some sort of torque transmission line to transfer mechanical rotation into external sheath
compression of scales, or flaps to modulate stiffness (friction). Originally, compression layer materials
of cotton, polyester, and plastic were explored. This resulted in the selection of a thicker plastic
sheath for the initial prototype. As the model was scaled up (largely because of problems sourcing
parts), alternative materials and ideas were used in the more mature stages of design. The second
prototype was a more sleek model which used collar-locked extension springs in order to transmit
the stiffening torsion torque for each of the two sections of the tendril. The newer prototypes used
a thicker more durable ABS plastic for the 3d-printed spacers, a new design which allowed a hidden
cavity for the spring to screw into, as well as holes for the external extension springs to connect
through in order to use rotational torque to squeeze a sheath upon each section. The third variation
yielded the final, most effective, mesh adaptation. This prototype provided a cleaner approach to
40
stiffening which was solely based upon pulling the mesh in a direction parallel to the tendril so that
the mesh would extend and compress the flaps underneath.
Results using the prototypes were positive. All constructed tendril robots had the ability
to control the stiffness of the sections. The redesigned torque transmission-based tendril eliminated
problems of uncontrolled bending of the earlier prototype. The mesh-based prototype eliminated
the mechanical constraints (reducing section bending) inherent in the torque transmission design.
The torque transmission concept went through several iterations. Problems included mate-
rials selection, with sheath materials evolving from several types of thin plastics to different types
of fabrics and then back to a suitable plastic. Additionally, there was the problem of finding an
adhesive that could be used to adhere the sheath material to the extension spring used as the torsion
cable. This ended up being 3M Super 77 which worked extremely well for all the materials.
The ultimate solution of using the mesh took numerous iterations to implement because of
sizing issues when the mesh expanded in diameter and shrunk in length when it covered the flaps in
the unstiffened state. Once the appropriate length was found, a problem of the mesh falling apart
because of loose fibers had to be dealt with and was fixed by pushing the opening over a jar opening
and then using epoxy to keep the loose fibers from fraying. Once the epoxy was partially dry, the
mouth of the mesh was turned inside out so that the fibers at the opening were inside the mesh and
the same process was repeated on the other end of the mesh tube.
Issues that were resolved throughout the developmental process of the tendrils included the
3d-spacer design, which originally was not realized with a stiff enough plastic that could withstand
the forces applied. This was solved by using a more sturdier ABS type 3d printing plastic and a
design that favored thicker internal wall cavities for the steel spring backbone to screw into. There
was also an issue of the sections freely bending at the spacers which was remedied by extending the
3d-spacer design on both sides inside the spring so that the flaps could be compressed upon the hard
plastic and fix the issue. Finally, there was a problem with the servo motors drifting every time the
microcontroller was reset which a separate board that did not have any signal grounding problems
seemed to fix. Later on it was found out that the servo motors themselves were inherently flawed in
their design and had problems zeroing out. However, this did not affect our results.
There are three key problems that remain with the most recent tendril design. These are:
coupling between distal and proximal sections of the robot when the distal section mesh is tightened,
the resetting (releasing) of the mesh (because sometimes the flaps penetrate the gaps in the mesh),
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and decrease in proximal section bending due to proximal tendons contracting and tightening the
section. The coupling problem could be fixed by applying equal tension on the mesh and the proximal
section bending could probably be increased by motors with a higher stall torque.
The scaly layer jamming design can be further sized down to surgical tool sized continuum
arms, which opens up potential applications in minimally invasive surgeries. Initial results using this
design reported in this paper demonstrate that a very compact robot with good stiffness controlla-
bility is achievable. This novel design opens up the application possibilities to underwater probing,
where the space is limited onboard a ROV.
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Chapter 6
Conclusions and Suggestions for
Future Research
In this paper we have introduced a new design for controllable stiffness continuum backbones.
The design is more compact and suitable for potential space application due to its mechanical (as
opposed to pneumatic) approach to stiffening. The scaly design provides both controllable stiffness
and significant extension/bending.
The scaly design can be further sized down to surgical tool sized continuum arms, which
opens up potential applications in minimally invasive surgeries. Initial results using this design
reported in this paper demonstrate that a very compact robot with great stiffness controllability is
achievable.
This novel design opens up the application possibilities to underwater probing where the
space is limited onboard a ROV. Our ongoing work includes a completely waterproof package which
will allow the whole tendril to be submerged underwater and demonstrate capabilities of the tendril
robot in a simulated zero gravity environment.
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Appendix A Arduino Code for Motors
#include <Wire.h>
#include <Adafruit_PWMServoDriver.h>
Adafruit_PWMServoDriver pwm = Adafruit_PWMServoDriver();
#define SERVOMIN 150 // this is the ’minimum’ pulse length count (out of 4096)
#define SERVOMAX 600 // this is the ’maximum’ pulse length count (out of 4096)
int rst = 337;
int rsm = 347;
int rsb = 342;
int lst = 343; // +1 = ccw rotation of right servo looking at the spindle
int lsm = 344;
int lsb = 343;
int blackmotor = 11;
int bluemotor = 12;
int blackmotordir = A1;
int bluemotordir = A2;
int servopower = 200;
int servotime = 400;
// our servo # counter
uint8_t servonum = 0;
void setup() {
pinMode(blackmotordir, OUTPUT);
pinMode(bluemotordir, OUTPUT);
digitalWrite(blackmotordir, LOW); //LOW IS CCW
digitalWrite(bluemotordir, HIGH);
digitalWrite(blackmotor, LOW);
digitalWrite(bluemotor, LOW);
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Serial.begin(9600);
Serial.println("16 channel Servo test!");
pwm.begin();
pwm.setPWMFreq(60); // Analog servos run at ~60 Hz updates
}
// you can use this function if you’d like to set the pulse length in seconds
// e.g. setServoPulse(0, 0.001) is a ~1 millisecond pulse width. its not precise!
void setServoPulse(uint8_t n, double pulse) {
double pulselength;
pulselength = 1000000; // 1,000,000 us per second
pulselength /= 60; // 60 Hz
Serial.print(pulselength); Serial.println(" us per period");
pulselength /= 4096; // 12 bits of resolution
Serial.print(pulselength); Serial.println(" us per bit");
pulse *= 1000;
pulse /= pulselength;
Serial.println(pulse);
pwm.setPWM(n, 0, pulse);
}
//rpulselength = map(degrees, 0, 180, SERVOMIN, SERVOMAX);
void loop() {
// Drive each servo one at a time
pwm.setPWM(0, 0, rst); //0,2,4 are proximal section and are q,w,e
pwm.setPWM(1, 0, rsm); //1,3,5 are distal section and are r,t,y
pwm.setPWM(2, 0, rsb);
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pwm.setPWM(3, 0, lst);
pwm.setPWM(4, 0, lsm);
pwm.setPWM(5, 0, lsb);
//
//
// pwm.setPWM(0, 0, 333);
// pwm.setPWM(1, 0, 347);
// pwm.setPWM(2, 0, 343);
// pwm.setPWM(3, 0, 345);
// pwm.setPWM(4, 0, 345);
// pwm.setPWM(5, 0, 344);
//
char c = 0;
if (Serial.available() > 0)
{
c = Serial.read();
if (c == ’1’) // assuming you send character ’1’, not a byte with value 1
{
digitalWrite(blackmotordir, LOW); //LOW IS CCW
digitalWrite(bluemotordir, HIGH);
}
if (c == ’2’)
{
digitalWrite(blackmotordir, HIGH); //LOW IS CCW
digitalWrite(bluemotordir, LOW);
}
/////////////////////////////
if (c == ’3’) // assuming you send character ’1’, not a byte with value 1
{
digitalWrite(blackmotor, HIGH); //LOW IS CCW
delay(100);
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digitalWrite(blackmotor, LOW);
}
if (c == ’4’)
{
digitalWrite(bluemotor, HIGH); //LOW IS CCW
delay(100);
digitalWrite(bluemotor, LOW);
}
///////////////////////////////////////////////////////////////
if (c == ’q’) // assuming you send character ’1’, not a byte with value 1
{
pwm.setPWM(0, 0, rst+servopower);
delay(servotime);
pwm.setPWM(0, 0, rst);
}
if (c == ’a’)
{
pwm.setPWM(0, 0, rst-servopower);
delay(servotime);
pwm.setPWM(0, 0, rst);
}
//////////////////////////////////////
if (c == ’w’) // assuming you send character ’1’, not a byte with value 1
{
pwm.setPWM(1, 0, rsm+servopower);
delay(servotime);
pwm.setPWM(1, 0, rsm);
}
if (c == ’s’)
{
pwm.setPWM(1, 0, rsm-servopower);
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delay(servotime);
pwm.setPWM(1, 0, rsm);
}
//////////////////////////////////////
if (c == ’e’) // assuming you send character ’1’, not a byte with value 1
{
pwm.setPWM(2, 0, rsb+servopower);
delay(servotime);
pwm.setPWM(2, 0, rsb);
}
if (c == ’d’)
{
pwm.setPWM(2, 0, rsb-servopower);
delay(servotime);
pwm.setPWM(2, 0, rsb);
}
/////////////////////////////////////////////////////
if (c == ’r’) // assuming you send character ’1’, not a byte with value 1
{
pwm.setPWM(3, 0, lst-servopower);
delay(servotime);
pwm.setPWM(3, 0, lst);
}
if (c == ’f’)
{
pwm.setPWM(3, 0, lst+servopower);
delay(servotime);
pwm.setPWM(3, 0, lst);
}
//////////////////////////////////////
if (c == ’t’) // assuming you send character ’1’, not a byte with value 1
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{pwm.setPWM(4, 0, lsm-servopower);
delay(servotime);
pwm.setPWM(4, 0, lsm);
}
if (c == ’g’)
{
pwm.setPWM(4, 0, lsm+servopower);
delay(servotime);
pwm.setPWM(4, 0, lsm);
}
//////////////////////////////////////
if (c == ’y’) // assuming you send character ’1’, not a byte with value 1
{
pwm.setPWM(5, 0, lsb-servopower);
delay(servotime);
pwm.setPWM(5, 0, lsb);
}
if (c == ’h’)
{
pwm.setPWM(5, 0, lsb+servopower);
delay(servotime);
pwm.setPWM(5, 0, lsb);
}
}
delay(500);
}
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Appendix B MATLAB Code for Motion-Tracking and Plot-
ting
function pts = readPoints(image, n)
%readPoints Read manually-defined points from image
% POINTS = READPOINTS(IMAGE) displays the image in the current figure,
% then records the position of each click of button 1 of the mouse in the
% figure, and stops when another button is clicked. The track of points
% is drawn as it goes along. The result is a 2 x NPOINTS matrix; each
% column is [X; Y] for one point.
% POINTS = READPOINTS(IMAGE, N) reads up to N points only.
if nargin < 2
n = Inf;
pts = zeros(2, 0);
else
pts = zeros(2, n);
end
imshow(image); % display image
xold = 0;
yold = 0;
k = 0;
hold on; % and keep it there while we plot
while 1
[xi, yi, but] = ginput(1); % get a point
if ~isequal(but, 1) % stop if not button 1
break
end
k = k + 1;
pts(1,k) = xi;
pts(2,k) = yi;
if xold
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plot([xold xi], [yold yi], ’go-’); % draw as we go
else
plot(xi, yi, ’go’); % first point on its own
end
if isequal(k, n)
break
end
xold = xi;
yold = yi;
end
hold off;
if k < size(pts,2)
pts = pts(:, 1:k);
end
end
function [p1] = f20140716_1_CoordRead_1( )
% Read continuum section tip coordinates, frame by frame from experimental videos
% first points scale info
% Then starts the tip coords: 3 readings per frame for each continuum
% section
% Isuru Godage (C) 2014.
s_no=1; % starting image number
e_no=258; % ending image number
nFrames=e_no-s_no+1;
t=0:.1:100;
p1=zeros(2*nFrames,5); % initiate the data vector
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for i=s_no:e_no
i %feedback on what is the image number being processed
p1(2*(i+1-s_no)-1:2*(i+1-s_no),:)=[[t(i+1-s_no);0]
readPoints(strcat(’twodistalproximalstiff\twodistalproximalstiff_’,
sprintf(’%.3d’,i),’.jpg’),6)];
% it is assumed that the image filenames are of format
%"image-#.jpg" where # is the image number
end
end
data = Data_twotendonsproximal;
[frames,n] = size(data);
frames = frames/2;
origin1 = [325 47];
scalingfactor = 0.0698689956331878;
origin2 = [965 54];
for n = 1:frames
X1(n) = (data(n*2-1,2)-origin1(1))*scalingfactor;
Y1(n) = (data(n*2,2)-origin1(2))*scalingfactor;
X2(n) = (data(n*2-1,3)-origin1(1))*scalingfactor;
Y2(n) = (data(n*2,3)-origin1(2))*scalingfactor;
X3(n) = (data(n*2-1,4)-origin2(1))*scalingfactor;
Y3(n) = (data(n*2,4)-origin2(2))*scalingfactor;
X4(n) = (data(n*2-1,5)-origin2(1))*scalingfactor;
Y4(n) = (data(n*2,5)-origin2(2))*scalingfactor;
end
% h = animatedline;
% axis([0,7,0,700])
% x = horzcat(X1*scalingfactor,X2*scalingfactor);
% y = horzcat(Y1*scalingfactor,Y2*scalingfactor);
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% for k = 1:length(x)
% addpoints(h,X1(k),Y1(k));
% addpoints(h,X2(k),Y2(k));
% drawnow
% end
% for k = 1:length(x)
% addpoints(h,X3(k),Y3(k));
% addpoints(h,X4(k),Y4(k));
% drawnow
% end
figure
t = 0:.1:(frames-1)/10;
hold all
view(58,42);
% plot3(t,X1,Y1)
stem3(t,X1,Y1)
stem3(t,X2,Y2)
title(’Double Proximal Bend (Side-View Data)’)
xlabel(’Time (seconds)’) % x-axis label
ylabel(’Horizontal Distance Moved (inches)’) % y-axis label
zlabel(’Vertical Distance Moved (inches)’) % y-axis label
legend(’Yellow Mid-Section’,’Red End-Section’)
% hold on
% %stem3(t,X1,Y1)
% plot(X1,Y1,’*’)
% plot(X2,Y2,’o’)
% % plot(x,y)
% title(’Single Distal Tendon (Side-View Data)’)
% xlabel(’Horizontal Distance Moved (inches)’) % x-axis label
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% ylabel(’Vertical Distance Moved (inches)’) % y-axis label
% legend(’Yellow Mid-Section’,’Red End-Section’)
% hold off
% figure
% hold on
% plot(X3,Y3,’*’)
% plot(X4,Y4,’o’)
% title(’Single Distal Tendon (Front-View Data)’)
% xlabel(’Horizontal Distance Moved (inches)’) % x-axis label
% ylabel(’Vertical Distance Moved (inches)’) % y-axis label
% legend(’Yellow Mid-Section’,’Red End-Section’)
% % view(20,10)
% % stem3(t,X3,Y3)
% stem3(t,X4,Y4)
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